Melanin is synthesized through a series of oxidative reactions initiated with tyrosine and catalyzed by melanogenesis-related proteins such as tyrosinase, tyrosinase-related protein-1 (TRP-1), dopachrome tautomerase (TRP-2), and microphthalmia-associated transcription factor (MITF). Our previous study demonstrated that sesamol inhibited melanin synthesis through the inhibition of the melanocortin 1 receptor (MC1R)/MITF/tyrosinase pathway in B16F10 cells. In this study, sesamol was applied to C57BL/6 mouse skin to understand its activity with respect to skin pigmentation. The results indicated that ultraviolet (UV) B-induced hyperpigmentation in the C57BL/6 mouse skin was significantly reduced by topical application of sesamol for 4 weeks. Sesamol reduced the melanin index and melanin content of the skin. In addition, sesamol elevated the brightness (L* value) of the skin. Sesamol also reduced UVB-induced hyperplasia of epidermis and collagen degradation in dermis. In immunohistochemical staining, topical application of sesamol reduced UVB-induced tyrosinase, TRP-1, TRP-2, and MITF expression in the epidermis of the skin. These results demonstrated that sesamol is a potent depigmenting agent in the animal model.
Introduction
Melanin is synthesized in melanocytes, matured and stored in melanosomes, after which it is transferred through dendrites to keratinocytes, which determine the color of skin. Melanin synthesis is regulated by genes, proteins, and enzymes, namely tyrosinase, microphthalmia-associated transcription factor (MITF), tyrosinase-related protein-1 (TRP-1; 5,6-dihydroxyindole-2-carboxylic acid oxidase), and dopachrome tautomerase (TRP-2) [1, 2] . Keratinocytes secrete factors or hormones that bind to specific receptors on melanocytes to initiate melanin synthesis, which involves the stimulation of the secretion of α-melanocyte-stimulating hormones (α-MSHs) that bind to the melanocortin 1 receptor (MC1R) and the activation of cyclic adenylate, which transfers adenosine triphosphate to cyclic adenosine
The animal experimental protocols were adopted according to the recommendations of the Care and Use of Laboratory Animals and were approved by the Institutional Animal Use and Care Committee of China Medical University . Four-week-old female C57BL/6 mice from the National Laboratory Animal Center (Taipei, Taiwan) were obtained for this study. The mice were maintained in the following conditions: temperature, 22 ± 2 °C; relative humidity, 50% ± 10%; and light-dark cycle, 12 h. During this period, a standard laboratory diet and water were provided ad libitum.
UVB Irradiation and Sesamol Treatment
After 1 week of acclimatization, the mice were randomly divided into the following five groups: control, UVB-irradiated and vehicle (PEG-400)-treated, UVB-irradiated and 3% arbutin-treated, UVB-irradiated and 1% sesamol-treated, UVB-irradiated and 3% sesamol-treated groups. Each group consisted of six mice. This study used UV light (broadband with peak emission at 302 nm, CL-1000 M, UVP, USA). The mice were exposed to 180 mJ/cm 2 of UVB irradiation three times a week (on days 1, 3, and 5) for 2 weeks according to previous methods with slight modification [23] . Vehicle-treated UVB-irradiated mice were topically administered PEG on the ear skin daily, and sesamol-treated mice were topically administered 1% or 3% sesamol on the ear skin daily. Sesamol was applied on the skin after UVB irradiation. Control mice did not receive any treatment. Details of the animal experimental process are presented in Figure 1 . 
Measurement of Melanin Index and L* Value of Mouse Skin
The melanin index of the dorsal skin of the mouse ear was measured using the Mexameter® MX18 of the Multi Skin Test Center (Courage + Khazaka Electronic GmbH, Cologne, Germany). The brightness of the skin (denoted as L*) was measured using a spectrocolorimeter (SCM-104/108, Ruyico Technology Corporation, Taipei, Taiwan).
Preparation of Skin Specimens and H&E Staining
The mice were euthanized through excess carbon dioxide inhalation at the end of the experiment. The mice were macroscopically observed, and their ears were excised, fixed in 10% formaldehyde, and embedded in paraffin. The skin slides were stained with H&E. Collagen in the skin sections was stained with Masson trichrome and was examined under a microscope, as previously described [24, 25] .
Immunohistochemical Staining
Immunohistochemical staining has been proven to be one of the most powerful techniques in the characterization of the levels and locations of protein in the tissue or organs [26, 27] . The skin 
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Immunohistochemical Staining
Immunohistochemical staining has been proven to be one of the most powerful techniques in the characterization of the levels and locations of protein in the tissue or organs [26, 27] . The skin sections were stained with the monoclonal antimouse antibodies, including tyrosinase, TRP-1, TRP-2, and MITF. The skin sections were examined by microscopy, and the protein expression was determined using Image J software (National Institutes of Health, Bethesda, MD, USA).
Statistical Analyses
Values are expressed as mean ± standard deviation. Student's t-test or analysis of variance was used to analyze differences among all groups; subsequently, Scheffe's test was used as the post hoc test. p values < 0.05 indicated statistical significance.
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Body Weight of Animals
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Melanin Index
The melanin index of C57BL/6 mice in the control group was 763.5 ± 25.0, which increased to 865.4 ± 21.9 after UVB exposure for 4 weeks (Figure 3 ). However, 1% and 3% sesamol treatment for 4 weeks reduced the melanin index to 757.4 ± 27.0 and 717.4 ± 11.5, respectively. The effect of 3% sesamol was similar to that of the same concentration of arbutin ( Figure 3) . The results suggested that sesamol significantly reduced UVB-induced hyperpigmentation in the mouse skin. 
L* Value and Hypopigmentation of the Mouse Ear from Sesamol Treatment
The L* value represents brightness, and the higher the L* value is, the brighter the skin is. As illustrated in Figure 4 , the L* value of C57BL/6 mice in the control group was initially 53.3 ± 2.1 and decreased to 47.5 ± 1.3 after UVB exposure for 4 weeks. However, the L* value increased to 53.2 ± 1.8 and 52.6 ± 2.3 after the 1% and 3% sesamol treatment for 4 weeks, respectively. The results suggest that sesamol exhibits hypopigmentation activity. As indicated in Figure 5 , UV exposure induced hyperpigmentation of the ear skin of the mice, whereas sesamol treatment exhibited depigmentation activity. In addition, the effect of sesamol on depigmentation was similar to that of arbutin. 
Histochemical Staining
Melanin Content Determined Through Fontana-Masson Staining
Melanin was stained through Fontana-Masson staining, and the results are presented in Figure  6 . UVB induced melanin synthesis (as indicated by the arrows), whereas sesamol treatment decreased melanin content in the epidermis of the mouse ear. The effect of sesamol on anti-melanogenesis was similar to that of arbutin. 
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Thickness of the Epidermis
Exposure to UV light will induce hyperplasia in the skin. According to the results of hematoxylin and eosin (H&E) staining, UVB caused epidermal hyperplasia, but sesamol reversed this effect (Figure 7 ). Sesamol may protect the skin from UVB-induced epidermal thickening and skin damage. 
Exposure to UV light will induce hyperplasia in the skin. According to the results of hematoxylin and eosin (H&E) staining, UVB caused epidermal hyperplasia, but sesamol reversed this effect ( Figure 7 ). Sesamol may protect the skin from UVB-induced epidermal thickening and skin damage. 
Figure 7.
Effect of sesamol on UVB-irradiation-induced histopathological changes in C57BL/6 mouse ear skin. Tissue morphology was visualized through hematoxylin and eosin (H&E) staining (400X). UVB irradiation caused hyperplasia in the skin, whereas topical application of sesamol once a day to the ear skin reduced the thickness of the epidermis. (Significant difference versus control: ###, p < 0.001. Significant difference versus UVB treated group: ***, p < 0.001.).
Collagen in the Dermis Determined Using Masson's Trichrome
Collagen in the dermis was stained blue by Masson's trichrome. In Figure 8 , it is evident that the content and density of collagen in the dermis of the ear were reduced after UVB exposure, whereas topical application of sesamol restored the collagen level in the ear dermis, while the difference was not statistically significant. UVB irradiation caused hyperplasia in the skin, whereas topical application of sesamol once a day to the ear skin reduced the thickness of the epidermis. (Significant difference versus control: ###, p < 0.001. Significant difference versus UVB treated group: ***, p < 0.001.).
Collagen in the dermis was stained blue by Masson's trichrome. In Figure 8 , it is evident that the content and density of collagen in the dermis of the ear were reduced after UVB exposure, whereas topical application of sesamol restored the collagen level in the ear dermis, while the difference was not statistically significant. The collagen content decreased in the UVB-irradiated group, whereas topical application of sesamol once a day to the ear skin restored the collagen level.
Sesamol Inhibited Melanin-Synthesis-Related Protein Levels in UVB-Exposed Mouse Skin
After UVB irradiation exposure, the tyrosinase level in the epidermis of the mouse skin increased. However, as depicted in Figure 9 , sesamol treatment reduced tyrosinase expression in a dose-dependent manner.
UVB irradiation stimulates melanin-synthesis-related protein expression and induces melanogenesis. Figures 10-12 illustrate that UVB-irradiation-induced TRP-1, TRP-2, and MITF expression in the epidermis of the mouse skin, whereas the topical application of sesamol significantly inhibited UVB-induced melanin-synthesis-related protein expression, which inhibited pigmentation in the mouse skin. . Light micrographs of histological sections stained with Masson's trichrome in UVB-irradiated C57BL/6 mice that received topical application of sesamol once a day to the ear skin. The collagen content decreased in the UVB-irradiated group, whereas topical application of sesamol once a day to the ear skin restored the collagen level.
After UVB irradiation exposure, the tyrosinase level in the epidermis of the mouse skin increased. However, as depicted in Figure 9 , sesamol treatment reduced tyrosinase expression in a dose-dependent manner. The collagen content decreased in the UVB-irradiated group, whereas topical application of sesamol once a day to the ear skin restored the collagen level.
UVB irradiation stimulates melanin-synthesis-related protein expression and induces melanogenesis. Figures 10-12 illustrate that UVB-irradiation-induced TRP-1, TRP-2, and MITF expression in the epidermis of the mouse skin, whereas the topical application of sesamol significantly inhibited UVB-induced melanin-synthesis-related protein expression, which inhibited pigmentation in the mouse skin. UVB irradiation stimulates melanin-synthesis-related protein expression and induces melanogenesis. Figures 10-12 illustrate that UVB-irradiation-induced TRP-1, TRP-2, and MITF expression in the epidermis of the mouse skin, whereas the topical application of sesamol significantly inhibited UVB-induced melanin-synthesis-related protein expression, which inhibited pigmentation in the mouse skin. 
Discussion
Exposure to UVB irradiation is the major risk factor for skin cancer and skin photoaging. UV irradiation induces oxidative DNA damage through the generation of ROS, resulting in skin cancer [28] . Agents or materials with antioxidative activity may protect the skin from UV irradiation damage by quenching free radicals [29, 30] . Sesame and sesamol was reported with antioxidative and free radical scavenging activities [17, 18, 20, 31, 32] . Sesamol increased the activities of superoxide dismutase, catalase, glutathione peroxidase, and glutathione, which were reduced by UVB irradiation [20] . In addition, sesamol inhibited UVB irradiation-induced cytotoxicity, intracellular ROS, lipid peroxidation, and oxidative DNA damage in human skin fibroblasts [20] . Sesamol, which contains a phenol group, can scavenge ROS and free radicals and is a strong antioxidant that can inhibit monophenolase and diphenolase activity [20] . UV irradiation exposure also induces hyperplasia of the epidermis and collagen degradation in the dermis [33, 34] . However, topical application of agents or materials with antioxidative activity ameliorates the injury caused by UVB. In this study, sesamol reduced UVB-induced skin damage. Melanogenesis is a series of oxidation reactions; materials with antioxidative activity may inhibit the process of melanin synthesis [8, 13, 35] . The free radicals scavenging activity of sesamol may contribute to its anti-melanogenesis activity.
Melanin is synthesized by several oxidative reactions that are initiated by tyrosine and multiple enzymes [1] . Tyrosinase is the rate-limiting enzyme in melanin synthesis [35] . Tyrosinase determines the skin and hair color of mammals. Tyrosinase accumulation may cause dermatological disorders such as melasma and age spots; therefore, inhibition of tyrosinase may contribute to depigmentation. It was reported that sesamol inhibited tyrosinase activity [21, 36] . Sesamol potently inhibited melanin biosynthesis in melanocytes in zebrafish [21] . In our previous study, sesamol inhibited intracellular activity and protein expression of tyrosinase in B16F10 cells [22] . Sesamol was a competitive inhibitor of diphenolase activity and a noncompetitive inhibitor of monophenolase activity in B16F10 cells [36] . The present study further demonstrated the inhibitory effect of sesamol on melanin content and tyrosinase expression in C57BL/6 mice.
In addition to tyrosinase, TRPs such as TRP-1 and TRP-2 are involved in melanin synthesis. Tyrosinase hydroxylates tyrosine to dihydroxyphenylalanine (DOPA) and oxidizes DOPA to 
In addition to tyrosinase, TRPs such as TRP-1 and TRP-2 are involved in melanin synthesis. Tyrosinase hydroxylates tyrosine to dihydroxyphenylalanine (DOPA) and oxidizes DOPA to dopaquinone [37] . TRP-2 catalyzes the conversion of dopachrome to 5,6-dihydroxyindole-2-carboxylic acid (DHICA), and TRP-1 oxidizes the conversion of DHICA to indole-5,6-quinone carboxylic acid [3] . Our previous study reported that sesamol inhibited α-MSH-induced melanogenesis in a dose-dependent manner [22] . The inhibition of TRP-1 and tyrosinase protein expressions of sesamol reduced melanin synthesis in B16F10 cells [22] . The results of immunohistochemical staining in the present study demonstrated that sesamol inhibited UVB-irradiation-induced tyrosinase, TRP-1, and TRP-2 expression in epidermis of the mouse skin. Stimulation of MC1R by α-MSH activates adenyl cyclase to increase cAMP production. MITF, a basic helix-loop-helix leucine zipper transcription factor involved in the development of melanocytes, is a major regulator of the synthesis of TRPs. MITF is the major transcription factor that plays an important role in melanogenesis. When a specific sequence of the tyrosinase gene is targeted by MITF, tyrosinase expression is upregulated. The results of immunohistochemical staining in the present study demonstrated that sesamol inhibited UVB-irradiation-induced MITF expression in epidermis of the mouse skin. These data were found to be in agreement with our previous studies regarding inhibition of intracellular MITF in B16F10 cells by sesamol. Future experiments using western blotting or other assays would be necessary to ensure the results of immunohistochemical staining.
Keratinocytes secrete hormones and growth factors that bind to specific receptors on the membrane of melanocytes, which activate downstream signal transduction to induce melanin synthesis and melanosome maturation [3] . Our previous study demonstrated that sesamol inhibited α-MSH-induced MC1R and MITF expression, which reduced melanin synthesis in B16F10 cells [22] . Sesamol also inhibited melanin biosynthesis in melan-a cell through inhibiting tyrosinase and MITF expression [21] . Sesamol also inhibited tyrosinase and melanin in zebrafish [21] . In this study, sesamol inhibited UVB-induced expression of tyrosinase, TRP-1, TRP-2, and MITF, resulting in the decrease of hyperpigmentation in the mice. The results of sesamol in C567BL/6 mice are consistent with those of sesamol in B16F10 cells.
Conclusions
This study demonstrated the antimelanogenic activity of sesamol in C57BL/6 mice. Sesamol reduced the melanin index and elevated the brightness of the mouse skin. Sesamol exhibited antimelanogenic activity by inhibiting MITF, tyrosinase, TRP-2, and TRP-1 expression in the mouse skin. In conclusion, sesamol may be used in skin whitening products in the future. 
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